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Abstract
The superradiant instability of black hole space-times has been used to place limits on ultra-
light bosonic particles. We show that these limits are model dependent. While the initial growth
of the mode is gravitational and thus model independent, the ability to place a limit on new
particles requires the mode to grow unhindered to a large number density. Non-linear interactions
between the particle and other light degrees of freedom that are mediated through higher dimension
operators can damp this growth, eliminating the limit. However, these non-linearities may also
destroy a cosmic abundance of these light particles, an attractive avenue for their discovery in
several experiments. We study the specific example of the QCD axion and show that it is easy to
construct models where these non-linearities eliminate limits from superradiance while preserving
their cosmic abundance.
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I. INTRODUCTION
Ultra-light bosonic particles such as axions, axion-like-particles, relaxions and hidden
photons have attracted significant attention. These particles are naturally light, emerging
as messengers of the deep ultra-violet. They can solve fundamental problems in particle
physics such as the strong CP [1–3], hierarchy [4] and cosmological constant problems [5, 6].
These particles can also be the dark matter of the universe, since they can be copiously
produced either in the high temperature universe or during a period of inflation [7–11]. This
exceptionally strong physics case has motivated a plethora of experiments [12–18] to directly
search for these particles, along with attempts to impose phenomenological constraints on
the viable parameter space of these particles. Many of these constraints arise from astrophys-
ical measurements [19]. This is not a surprise - these particles have suppressed interactions
with the Standard Model and these suppressions are most easily overcome in extreme as-
trophysical environments. But, these constraints are not robust. While gross properties of
astrophysical environments are reasonably understood, we do not have direct measurements
of the micro-physics of these environments 1. It is thus plausible that while these constraints
may apply to simple models, small modifications can completely remove them [21].
One interesting class of constraints on light particles arises from superradiance. In this
process, if a particle can be absorbed by a body, when that body rotates, it can become
kinematically favorable for that body to emit that particle and spin down. This process can
be efficient for bosonic particles around extreme astrophysical bodies such as black holes
[22, 23] and neutron stars [24]. In these cases, superradiance can populate the gravitationally
bound states of the boson around the star leading to stimulated emission into that state,
causing the system to rapidly drain the rotational kinetic energy of the star. Observations
of rotating bodies such as black holes and neutron stars can then be used to place limits on
the existence of such particles.
In the case of superradiance from black holes, the needed absorptive process is provided
by gravitation. Due to the universal nature of gravity, it is often claimed that these bounds
are “model-independent”. This is of course not the case - while it is true that the initial
gravitational growth of the superradiant state is model independent, for these bounds to
1This is especially true of bounds placed using the superradiance phenomenon in black holes. The black hole
information problem poses a serious challenge to confident claims about the physics of black hole horizons.
It is plausible that there are classical singularities (or firewalls) at the horizon [20], significantly affecting
the physics. 2
apply, non-linearities in the bound state must be sufficiently small. When non-linear inter-
actions become large, the superradiant amplification can stop, preventing this process from
efficiently draining the rotational energy of the system. While some non-linearities may
eliminate the superradiance limit on the existence of light particles, they may also signifi-
cantly change the cosmology of such particles, potentially eliminating them as dark matter
candidates. Given the number of experiments searching for ultra-light dark matter over a
wide range of parameters, it is thus important to know if non-linearities that would damp
superradiance would also preserve the dark matter abundance of such particles.
In this paper, we show that this is possible. We will specifically study the example of the
QCD axion, although our model building approach should be applicable to other scenarios
as well. We point out that if the QCD axion has an additional technically natural axion-like
interaction with a dark sector that consists of a light (massless) dark photon and a fermion,
these additional interactions can completely eliminate superradiance limits on the axion
from rotating black holes, while preserving its cosmic abundance. To achieve this, the axion
is assumed to couple more strongly with this dark photon than to QCD. This enhances non-
linearities when the superradiant mode begins to grow and thus damps it. The fermions in
the dark sector are assumed to have a cosmic abundance - this abundance yields a plasma
mass for the hidden photon in the early universe, preventing these non-linearities from
affecting the evolution of the dark matter axion. This does not happen around black holes
today since these fermions do not have a significant number density around them 2. The
rest of this paper is organized as follows: in section II we present our model and parameters.
In section III we show how this parameter space evades super-radiance constraints and in
section IV we show that it preserves axion dark matter. We then conclude in section V.
II. MODEL
We consider the following Lagrangian for the QCD axion φ:
L ⊃ φ
fa
GG˜+
φ
fγ′
F ′F˜ ′ + qA′µψ¯γ
µψ +mψψ¯ψ +
1
2
m2aφ
2 (1)
2The damping of superradiance due to non-linearities was studied in [25]. But, they were not concerned with
preserving axion dark matter.
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FIG. 1. The range of parameter space (mψ, q) for fa = 10
18 GeV and fγ′ = 10
11 GeV satisfying all
the constraints and assumptions in Section IV.
Here fa is the coupling of the QCD axion to gluons (G), fγ′ is the coupling to a new massless
U(1) (F ′) and ψ are fermions of charge q under F ′ with mass mψ. We will be interested in
QCD axions in the mass range:
6× 10−13 eV . ma . 2× 10−11 eV (2)
that are claimed to have been excluded by measurements of the spins of black-holes [23],
corresponding to fa ≈ 1018 GeV. Our intent is to simply identify a part of parameter space
where this model is self-consistent and achieves our desired goal. A broader analysis may
reveal additional parameters where this goal could be achieved - but this is beyond the scope
of our work. To that end, we take fγ′ ≈ 1011 GeV3, with q and mψ in the range shown in
Figure 1. In the following sections, we show that we can accomplish our goals with these
parameters.
III. AXION MASS BOUNDS FROM BLACK HOLE SUPERRADIANCE
Superradiance is possible whenever the rotation rate (ω) of the black hole is larger than
the mass (ma) of the emitted particle. But, this process is efficient only when the Bohr radius
3Axions can naturally possess couplings of varying strengths with different gauge groups. This can be
accomplished in the so-called aligned axion or clockwork models[26–28].
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of the superradiant mode has significant overlap with the ergoregion (∼ the Schwarzschild
radius rs) where superradiant amplification is possible. Together, these conditions imply
that superradiance is efficient only when ma u ω and ωrs u 1 i.e the bound requires a
nearly extremal black hole and it applies to particles whose masses are close to the rotation
rate of the black hole. When these conditions are satisfied, superradiance could extract a
significant fraction of the rotational energy ∼M (ωrs)2 of the black hole (whose mass is M).
This energy is carried by the bosonic field φ. Since efficient superradiance requires the Bohr
radius of this field to be ∼ rs, we must then have m2aφ2r3s ∼ M (ωrs)2. But, since ma u ω
and ωrs u 1, φ ∼ Mpl. Given this large field value (and implied number density), limits
from superradiance are subject to unknowable non-linear instabilities that could arise due
to new physics at very high energies. We now discuss one such instability that arises from
the model in (1).
Consider the coupling
Laγ′ = φ
fγ′
F ′µνF˜
′µν (3)
between the axion and the dark photon that we introduced in (1). In the presence of such
a coupling, efficient dark photon production may occur through processes such as tachyonic
instability or parametric resonance (narrow or broad). Regardless of the details of the dark
photon production, when enough dark photons are produced, their backreaction to the axion
will inevitably thwart the exponential axion growth in order to conserve energy. As we will
see, this reduces the maximal Bose enhancement of the axion growth rate, making the whole
black hole spindown process effectively slower and weakening the superradiance bounds from
black hole spin-mass observations.
At scales much smaller than the spatial extent ∼ m−1a of the axion bound states4, the
axion field is roughly uniform and can be approximated as
φ(t) = φ0 cos(mat) (4)
The equation of motion of the circularly polarized dark photon modes A′±k then takes the
form of the Mathieu equation [29, 30]
d2A′±k
dz2
+ [pk − 2qk cos(2z)]A′±k = 0 (5)
4Here and henceforth we take the “gravitational fine-structure constant” to be α ≡ maM/M2pl ∼ 1 because
only then is the superradiance growth rate considerably fast.
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with
pk =
4k2
m2a
, qk = ± 2kφ0
fγ′ma
, z =
mat
2
(6)
Exponential growth of the dark photon field may proceed through narrow parametric
resonance, broad parametric resonance, and tachyonic instability. In order for the produced
dark photons to accumulate, their growth rate must be significantly faster than their escape
rate out of the axion cloud, i.e. the inverse of the time it takes for a photon to traverse the
size of the axion cloud ∼ m−1a [31]
Γesc ∼ ma (7)
It is immediately clear that narrow and broad parametric resonance will not be efficient in
draining the axion cloud. While the narrow resonance condition |qk| . 1 for the fastest
growing modes (those with pk ' 1) translates to the condition φ0 . fγ′ , it takes φ0  fγ′ for
the narrow resonance growth rate ∼ maφ0/fγ′ to beat Γesc. Meanwhile, broad parametric
resonance occurs at the rate of ∼ ma, which is at best comparable to Γesc.
Tachyonic instabilities on the other hand are not similarly inhibited. This instability
happens when the squared frequency ω2± = k
2 ∓ k φ˙
f ′γ
of one of the circularly polarized dark
photon modes becomes negative. Throughout most of an axion oscillation, during which
|φ˙| ∼ maφ0, the fastest tachyonic growth occurs for the modes k ' |φ˙|/(2fγ′) at the rate
Γtach ∼ maφ0
fγ′
(8)
As we can see, Γtach  Γesc is satisfied5 when the axion field amplitude φ0 exceeds fγ′ . This
sets an upper bound on the axion amplitude
φ0 . fγ′ (9)
since if φ0 were to exceed fγ′ , rapid dark photon production would take place, draining
energy from the axion field and preventing φ0 from growing. This suppresses the ability
of superradiance to drain rotational energy from the black hole. Suppose the field needed
to grow to φmax in order to noticeably spin down the black hole
6. In the presence of
the coupling with the dark photon, this rate is now limited to ΓSR
(
fγ′
φmax
)2
, where ΓSR is
5In order for the dark photon field to grow, the tachyonic growth rate also needs to be much faster than
the oscillation rate of the axion, ma, or else the most tachyonic dark photon mode would see a temporally
averaged-out axion field. Nevertheless this condition is parametrically similar to Γtach  Γesc.
6As per our earlier arguments, qualitatively, φmax ∼ Mpl. But there are O (1) factors in the estimate - we
will thus use the actual field value obtained from the superradiance analysis in our quantitative arguments.
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the unsuppressed superradiance rate in the absence of the axion interaction with the dark
photon. Let us now see how this relaxes bounds on axions from superradiance.
A. Relaxation of Bounds from Observed Black Holes
When superradiance occurs at a rate ΓSR, it needs a time τBH where
ΓSRτBH & 100 (10)
in order for the superradiant mode to sufficiently grow and damp the rotation of the black
hole. Ref. [23] used this condition to derive the axion mass bound (2) from the reported
spins, masses, and ages of five stellar mass black holes: M33 X-7, LMC X-1, GRO J1655–40,
Cygnus X-1, and GRS 1915+105. They obtained the superradiance rate ΓSR using the
semianalytical method detailed in [32] and adopted
τBH = min (τage, τEdd) (11)
where τage is the age of the black hole and τEdd = 4× 108 years is the Eddington time. This
is tantamount to assuming that the black hole accretes at most at the Eddington rate since
its birth.
In order to place limits, one needs measurements of black hole spin. For the purposes
of this section, we take the measurements of black hole spin quoted in [23] at face value
(we comment on the quality of these measurements and the robustness of inferred bounds
in section V). In the absence of a coupling to dark photons, the axion masses (2) to which
a given black hole is sensitive are simply those values of ma for which ΓSR(ma,M) satisfies
(10). In the absence of an analytic solution for the spectrum of superradiant levels, we follow
[33] in using the “semianalytical” ΓSR shown in Fig. 5 of [32], which agrees with analytical
formulas under the rsma  ` and WKB approximations, as well as with numerical results.
When the dark photon coupling is added, the maximum rate of rotational energy ex-
tracted from the black hole is suppressed by a factor
(
fγ′
φmax
)2
. Using this suppressed rate,
we find the largest value of fγ′ for which ΓSRτBH / max
[
100,
(
φmax
fγ′
)2]
for all black holes
considered in [23]. It suffices to consider the highest superradiant mode n = 1, ` = m = 1.
We find that a coupling of fγ′ ∼ 1011 GeV results in the total removal of the superradiance
bounds.
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The axion to dark photon coupling scale fγ′ is highly model dependent and can in principle
go to much lower values, especially if one invokes the clockwork scenario [26–28]. Further,
since fγ′ couples two dark sectors (namely, axions and dark photons), there do not currently
exist any model-independent constraints on its value.
IV. AXION DARK MATTER
The arguments of section III show that there are no model independent limits from super-
radiance on the existence of axions. But, many experimental methods to discover the axion
are aimed at searching for a cosmic abundance of these particles. This has been considered
an appealing path since generic initial conditions of the universe end up producing such a
cosmic abundance. It is thus interesting to ask if the non-linear interactions introduced in
(1) would also similarly deplete the cosmic abundance of the axion. Indeed, such depletion
is possible and it can be used to eliminate the mild fine tuning of the initial axion angle
necessary in QCD axion models with fa ' 1012 GeV. Since our goal is to simply eliminate
superradiance limits while preserving axion dark matter, we present a simple scenario where
the cosmic abundance is preserved.
To that end, we add a fermion charged under the dark photon. This fermion is assumed
to have a cosmic abundance, giving the dark photon a plasma mass in the early universe.
This plasma mass suppresses the cosmological tachyonic instability, preserving axion dark
matter. Since it does not accumulate in significant numbers around black holes, the damping
of superradiance around black holes is unaltered. We now show a parameter space that
accomplishes this goal.
As shown in (1), consider the interactions of the dark photon Aµ′ to a dark fermion ψ:
L ⊃ qA′µψ¯γµψ +mψψ¯ψ (12)
In the presence of a plasma of these fermions with temperature Tψ and number density nψ,
the dark photons acquire a plasma mass [34]
ωp ∼
qTψ, Tψ & mψq√nψ/mψ, Tψ . mψ (13)
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Tachyonic instabilities are suppressed as long as
ωp  φ˙
fγ′
(14)
Before demonstrating a viable parameter space, we make the following simplifying assump-
tion. We will assume that the charge q of the fermion is:
q .
m2ψ
mafγ′
∼ 10−9
( mψ
1 eV
)2( fa
1018 GeV
)(
1011 GeV
fγ′
)
(15)
We do this in order to ignore the complication that the superradiant process around a black
hole that produces the dark photon may also simultaneously produce these charged fermions.
One may worry that if such charged fermions are produced around the black hole, they could
contribute to a residual plasma mass that may suppress the tachyonic instability around the
black hole as well. While this is a possibility, further analysis is required to see if this is
actually an issue: in the absence of confining forces, it is possible that the produced fermions
will simply leave the black hole without creating a plasma that would block the effect. We
simply choose to avoid this problem. The condition (15) is equivalent to requiring that there
is no Schwinger pair production of the dark fermions from the dark electric field building
around the black hole during superradiance i.e. (15) implies that the dark electric field E ′,
which is at most comparable to the square root of the maximum energy density of the axion
field, mafγ′ , does not exceed the Schwinger limit E
′
crit ∼ m2ψ/q.
The dark photon and fermion are uncoupled to the Standard Model except through the
highly suppressed axion portal. Observational limits on them are thus weak - they are
limited by bounds on dark radiation and dark matter. Given this freedom, we make further
simplifying assumptions:
1. The dark fermions ψ are in thermal equilibrium among themselves with a temperature
Tψ = κT (16)
where T is the temperature of the Standard Model sector and κ is O(1) but small
enough to avoid violating the effective relativistic degrees of freedom Neff bound,
∆Neff . 0.3 [35].
2. mψ  1 eV
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3. The dark fermions are thermally decoupled from the dark photons. This forces7
q . 10−6
( mψ
1 eV
)1/8
(17)
Assumption 1 ensures that the energy density of ψ is negligible compared to that of the
Standard Model radiation when ψ is relativistic, assumption 2 ensures that the energy
density of ψ is negligible compared to that of the dark matter when ψ is non-relativistic, and
assumption 3 helps ensure that tachyonic instability is blocked throughout cosmic history
by preventing Boltzmann suppression of the ψ abundance.
At the beginning of axion oscillation, the requirement that tachyonic instability be blocked
amounts to φ˙/fγ′ < ωp, which imposes the constraint
q & mafaθi
Toscfγ′
∼ 10−16
(
fa
1018 GeV
)1/8(
1011 GeV
fγ′
)
(18)
where Tosc ∼ 0.3
√
maMpl is the temperature at which the axion begins to oscillate [36] and
θi is the initial axion angle. As long as ψ is relativistic, the plasma mass ωp ∝ T decays
slower than φ˙/fγ′ ∝ T−3/2, and tachyonic instability remains blocked. Furthermore, thanks
to the non-zero chemical potential of ψ that comes with assumption 3, the ψ abundance
always follows a Fermi-Dirac distribution with total number density nψ ∼ T 3, even when
T  mψ. Consequently, the two quantities of interest, φ˙/fγ′ ∝ T−3/2 and ωp ∝ √nψ ∝
T−3/2, get Hubble diluted at the same rate when the ψ fermions become non-relativistic and
the tachyonic instability continues to be blocked.
Accounting for all the above constraints and assumptions, the remaining parameter space
is shown in Figure 1. That said, there is certainly more viable parameter space beyond what
we have identified within the boundaries of our simplifying assumptions.
Given the above discussion, the reader may wonder if a dark sector was necessary to
accomplish our goals, or if they could have been accomplished with the photon. Much of our
discussion applies to the photon as well. The extremely dense plasma in the early universe
would inhibit the conversion of axions to photons, preserving axion dark matter. While the
photon is better constrained than the dark photon, current limits [37] on the coupling would
7The annihilation rate of the dark fermions ψ to dark photons γ′ is Γann ∼ 10−3q4T min
(
1, T
2
m2ψ
)
. When
ψ is relativistic, the Hubble rate H ∝ T 2 scales faster than Γann. Conversely, when it is non-relativistic,
H ∝ T 3/2 scales slower than Γann. Correspondingly, the ratio Γann/H peaks at T ∼ mψ and requiring Γann
to be greater than the matter-domination expression of H at T ∼ mψ imposes an upper bound on the dark
fermion charge, q . 10−6 (mψ/1 eV)1/8.
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still allow us to eliminate much of the superradiance bound on axions. However, there is a
key uncertainty - we do not know the plasma mass (or its spatial distribution) around the
black hole. This plasma mass could range between 10−11−10−2 eV, depending on the details
of the plasma environment around the black hole [38, 39]. In regions where the plasma mass
is small enough, our mechanism will kick in and suppress superradiance. But, absent a
better understanding of the spatial distribution of the plasma mass around the black hole,
we cannot place robust exclusions.
V. CONCLUSIONS
We have shown that superradiance limits on light particles from measurements of black
hole spins are model dependent. While the initial growth of the superradiant modes is
due to gravity, the bound requires a large number density (with field values ∼ Mpl) of the
new particle around the black hole. This density could trigger instabilities that dampen
superradiance. We have also shown that these instabilities can exist only around black holes
without affecting the cosmic abundance of axion dark matter.
The parameter choices we made in this paper were obtained by taking the black hole
spin measurements quoted in [23] at face value. However, the spin measurements used in
[23] are not conservative. There is inherent astrophysical uncertainty in these measurements.
Existing measurements of black holes spins are based on the inference of the innermost stable
circular orbit (ISCO) of the accretion disk surrounding the black hole which is expected to
be a monotonically decreasing function of the black hole spin. Unfortunately, this method is
highly dependent on the astrophysical model used. At this time, there is not even community
agreement on the measured spin. This is a critical issue for bounds on superradiance from
black hole spin measurements - this process is efficient only for nearly extremal black holes.
If the spin was 20-30 percent smaller, the bounds would be significantly different and in
some cases entirely absent. At present, it is not clear if the astrophysical model can attain
the level of precision needed for these bounds.
Interestingly, if the actual spin was somewhat lower than the nearly extremal values used
in [23], it might be possible to eliminate superradiance limits with just a single dark photon
instead of also additionally requiring dark fermions. At lower spin rates, the superradiance
rate is significantly slower, enabling fγ′ to be higher. This larger value of fγ′ would deplete
11
the cosmic abundance of the axion - but it is possible that this depletion is at the right level
required to avoid over production of axion dark matter, solving the problems of the so-called
“anthropic” axion window without fine-tuning. In this paper, we focused on demonstrating
the model dependence of superradiance limits on axions. Similar limits have also been
placed on other scalars and dark photons. It would be interesting to see if similar models
can be constructed in these scenarios where non-linearities suppress superradiant growth
while preserving a cosmic abundance of these particles.
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